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INTRODTXTI OW 

i n g  r e s e a r c h  corduc ted under Z m ' 1 r a c t  NASr-41, " E Z f e c L s  of 

Simulated Space Environment on t h e  Viabili t y  of MicxoorgaDivnSrr, 

for t h e  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion ,  Washington, 

De C. ,  du r ing  t h e  pe r iod  A p r i l  15, 1961 to  A p r i l  30,  1963. 

The o b j e c t i v e  of t h i s  p r o j e c t  was to de termine  t h e  capa- 

b i l i t y  of selected microorganisms t o  s u r v i v e  a coinbinat ion of 

u l t r a h i g h  vacuum and ce r t a in  stress c o n d i t i o n s  which may be 

encountered  i n  o u t e r  space .  

The exper imenta l  program was a j o i n t  e f f o r t  of Nat,iu.rzal 

Research Corpora t ion  through i t s  Space V a c u i i m  Labora toi-y - R e -  

s e a r c h  Div is ion ,  and the D e p a m e n t  of N u t r i t i o n ,  Fosd Sc. iencc 

and Technology, a s s a c h u s e t t s  I n s t i t u t e  of Technology, Clan- 

b r idge ,  Massachuset ts .  

During t h e  cour se  of the  program, s e l e c t e d  s p o r e s  and 

s o i l  organisms were s t u d i e d  under  the combined environments of: 

- 8  -10 
A) Ul t rah igh  vacuum (10  t o  10 LOYY-) , 

and temperature  ( -190OC t o  +-170c7C> 

R )  U l t r ah igh  vaciium ancl garma rad ia t , i on .  

- 1 -  
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This work has been sepsr ted  i n  two publications to which 

the readers of this repor t  are referred f o r  de t a i l s .  The 

t i t l es  of the publications and ?,>-sir abstracts follow. Copies 

of t h e  papers are included i n  t h e  Appendix. 

I 
I 
I 
I 
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COMBINED EF&&TS O F  ULTFUHIGH VACUUM AND TENPERATURE ON Tm 

i 
I VIABILITY OF SOME SPOIlES AND SOIL ORGANISMS. 

i 
/ f 

J Authors:  Norman S; Davis, Gerald J. Silverman, and 

Wayne H .  K e l l e - r .  

Massachuset ts  I n s t i t u t e  of TechnOlQgy, and Research Ddvision, 

Department of N u t r i t i o n  and Food Scic?Fke, 
2 

*f 

1, Nat iona l  Research Corporat ion,  Cambridge, Massachuqetts.  

Applied Microbiology, V o l .  L , l ,  , No. 3, May 1963. / 

Considerably fewer 

Bac i l lus  m e g a t e r i m ,  and 

spores  of c i  l u s  s t ea ro the rmoph i lus ,  

Clos t r id ium ? s orogenes were recovered  

than w e r e  s p o r e s  of and A s p e r g i l l u s  

n i g e r  a f t e r  4 t o  5 vacuum. 

There were no of t h e s e  

f i v e  organisms a t  25OC and tmospheric p r e s t e ,  and a f t e r  ex- 

posure t o  25OC and -190° i n  vacuum. A t  6Q0 a f a r  g r e a t e r  de- P 
crease i n  v i a b i l i t y  demonstrated f o r  B. s b arothermophilus ,  

B. sporogenes i n  u l t r a h i g h  &cum than  a t  

Viable  B .  s u b t i l i s  v a r .  r l iger spores  

a n  i n i t i a l  10 s p o r e s  a f t e r  .?retention a t  
a 

\, 4 
90°C and d t r a h i g h  vacuum, and 10 s p o r e s  were v i d p l e  a f t e r  5 

6 
and atmospheric  p re s su re  from an IO s p o r e s .  

Molds/and act inomycetes  i n  soil were p a r t i c u l a r l y  r e & $ s t a n t  up 
/ 

t o  @S0C i n  vacuum. Actinomycetes 
'\\ 

were the on ly  s o i l  or@nisms 

recovered  s o  f a r  a t  120°C. 
- 3  - 
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Four groups of organisms i n  s o i l ,  mesophi l ic  ae robes  and 

anaerobes ,  molds and actinomycetes RBFP s i m i l a r l y  t e s t e d  i n  t h e  

vacuum chamber. From one s o i l  sanple  only act inomycetes  s u r -  

vived 12OoC, whereas one o t h e r  s o i l  sample y i e lded  v i a b l e  

b a c t e r i a  a f t e r  exposures  t o  17Q°C. The r e s i s t a n c e  of t h e  i s o -  

l a t e s  t o  high tempera tures  i n  the  absence 0% s o i l  is being 

e v a l u a t e d .  Severa l  organisms have been found t o  resist 12OoC 

i n  u l t r a h i g h  vacuum f o r  4 t o  5 days, and experiments  a t  h ighe r  

tempera tures  a r e  i n  p r o g r e s s .  

When i r r a d i a t e d  w i t h  g a m a  rays from a Cobalt-60 source ,  

there was a d i f f e r e n c e  between vacuum d r i e d  t es t  s p o r e s  

i r r a d i a t e d  whi le  s t i l l  under vacuum t o  those  exposed ta  a i r  

immediately before  i r r a d i a t i o n .  A r educ t ion  of from one - th i rd  

t o  one-ninth of t h e  v i a b i l i t y  of s p o r e s  i r r a d i a t e d  i n  vacuum 

occurred  wi th  vacuum-treated spores  i r r a d i a t e d  i n  a i r .  

OTHER WORK 

I n  a d d i t i o n  t o  t h e  work r epor t ed  i n  t h e s e  papers ,  a series 

of  p re l imina ry  experiments  was conducted on t h e  combined e f f e c t s  

of u l t r a v i o l e t  r a d i a t i o n  and u l t r a h i g h  vacuum. 

U l t r a v i o l e t  r a d i a t i o n  was provided by means of a GE 15T8 

ge rmic ida l  lamp mounted c e n t r a l l y  i n  a 20 inch diameter  s t a i n -  

less s tee l  framework l o c a t e d  i n s i d e  t h e  u l t r a h i g h  vacuum 

s y s t e m .  F i l t e r s  used a s  suppor ts  f o r  t h e  microorganisms were 

l o c a t e d  10 c m  from t h e  c e n t r a l  lamp s o u r c e .  The lamp was 

- 5 -  
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EXPOSURE OF MICROORGANISMS TO SIMULATED EXTRATERRESTRIAL 

SPACE ECOLOGY. 

Authors:  Nornzan S .  Davis, Gerald J .  Silverman and Wayne H, Keller. 

Department of N u t r i t i o n  and Food Science,  Massachuset ts  I n s t i t u t e  

of Technology, and Research Div is ion ,  Nat iona l  Research Corporat ion,  

Cambridge, Massachuset ts .  Presented a t  COSPAR Symposium on 

T e r r e s t r i a l  L i f e  i n  Space, Warsaw, Poland, June 1963. 

ABSTRACT d 
Spores of f i v e  test  organisms, B a c i l l u s  s u b t i l i s  v a r .  n i g e r ,  

B a c i l l u s  megaterium, B a c i l l u s  Stearothermophilus ,  C los t r id ium 

sporogenes and A s p e r g i l l u s  n i g e r  and s o i l s  were exposed, whi le  

under u l t r a h i g h  vacuum t o  temperatures  of from -190°C t o  +170°C 

for 4 - 5 days.  

Up t o  a temperature  of 25OC,  no l o s s  i n  v i a b i l i t y  of t h e  

t e s t  s p o r e s  was noted when compared t o  o r i g i n a l  popu la t ions  main- 

t a i n e d  a t  room temperature  a t  atmospheric p r e s s u r e  over  a d e s i c c a n t .  

A t  e l e v a t e d  temperatures ,  d i f f e r e n c e s  i n  r e s i s t i v i t y  occurred  s o  

t h a t  a t  88°C only  B .  s u b t i l i s  va r .  n i g e r  and A .  niger su rv ived  i n  

a p p r e c i a b l e  numbers. A t  107'C only A .  n i g e r  s p o r e s  surv ived ,  bu t  

none were recoverable  a f t e r  exposure t o  120°C. In comparison, 

B .  s u b t i l i s  v a r .  n i g e r  su rv ived  a t  a tmospheric  p r e s s u r e  and 90°C 

for 5 days while  none of t h e  o ther  spo res  were v i a b l e  a f t e r  24  

hours .  

- 

f i b  

- 4 -  
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ene rg ized  f o r  s h o r t  pe r iods  of t i m e  a f t e r  t h e  test  specimens 

had been exposed %os f i v e  days to u l t r a h i g h  vaaum. A 30- 

second exposure coriesponded t o  1 x 10  ergs/@% , a t en -  

minute exposure to 2 x LO ergs/crn . 
5 2 

6 2 

Spores inc luded  i n  the s tudy  were B a c i l l u s  s t e a r o -  

t h e m o p h i l w ,  E.  xegaterimm, €3, siubtiilis Bar. n i g e r ,  C los t s id ium 

sporogenes and A s p e r g i l l u s  n iges .  
6 When membrane f i l t e r s  holding 10  s p o r e s  were given 

5 2 
1 x 10 ergs/cm a t  W in vacuum and a t  a tmospheric  p re s su re ,  

0.81 - 0.1% of t h e  spores were recovered .  D i f f e r e n c e s  i n  

s u r v i v a l  between samples exposed i n  vacuun t o  those  exposed i n  

a i r  were ~ b s e r v e d ,  but  t h e s e  d i f f e r e n c e s  were n o t  s i g n i f i c a h t  

because of t h e  s-mll number of s u r v i v i n g  s p o r e s .  For s p o r e s  

suppor ted  on g l a s s  f i l t e r s ,  s u r v i v a l  ranged between 2m and 

5O%, excep t  for B. s u b t i l i s  var.  n i g e r ,  €or which on ly  O o l %  

v i a b i l i t y  w a s  noted.  

A t  2 x 10 

I-- - ~ _._ 

6 2 ergs /cn  , about 0.6301% of t h e  s p o r e s  or mem- 

brane f i l t e r s  were recovered,  w i t h  t h e  excep t ion  of A s p e r g i l l u s  

n i g e s  which gave about  0 . l W  s u r v i v a l .  On g l a s s  f i l ters,  0.01% 

of t h e  B. s u b t i l i s  var. n i g e r  spo res ,  0.5% of  t h e  A .  n i g e r  

s p o r e s  and lm of t h e  o t h e r  three s p o r e s  were v i a b l e ,  based on 

conpar i son  t o  specimens exposed t o  vacuum and s h i e l d e d  from W. 

It is  planned i n  f u t u r e  work t o  provide means f o r  ob- 

t a i n i n g  lower W i r r a d i a t i o n  under c o n t r o l l e d  c o n d i t i o n s .  

- 6 -  
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EXPOSURE OF MICROORGANISMS TO SIMULATED 

EXTRATERRESTRIAL SPACE ECOLOGY 

Gerald  S .  Si lverman and Norman S .  Davis (MIT) 

and 

Wayne H .  Keller (NRC) 
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EXPOSURE OF MICROORGANISMS TO SIMULATED 

I n  o r d e r  t o  s u r v i v e  exposure t o  t h e  

environments a microorganism e i t h e r  must 

EXTRATERRESTRIAL SPACE ECOLOGY 

stresses of o u t e r  space  

posses s  an i n h e r e n t  res i s tan t  

c a p a b i l i t y  o r  be p r o t e c t e d .  C e r t a i n  of t h e s e  stress parameters  have 

been s imula t ed  i n  ground test s y s t e m s ,  It; is  t h e  i n t e n t i o n  of t h e  

a u t h o r s  t o  d e s c r i b e  ce r t a in  of t h e  experimental  requi rements  necessary  

f o r  a d a p t i n g  u l t r a h i g h  vacuum equipment t o  mic rob io log ica l  s t u d i e s  as 

w e l l  a s  c e r t a i n  r e s u l t s  ob ta ined  from t h e s e  s t u d i e s  conducted over  t h e  

l a s t  y e a r  and one-ha l f .  This i n v e s t i g a t i o n  w a s  conducted by  Nat iona l  

Research Corpora t ion ,  Cambridge, Massachusetts,  i n  conjunct ion  w i t h  MIT. 

A number of s t u d i e s  have examined t h e  e f f e c t s  of h igh  and u l t r a h i g h  

vacuum on microorganisms a t  ambient tempera tures .  P r i n c e  and Bakanauskas 

(1.958) and P r i n c e  (1960) noted t h a t  f r e e z e - d r i e d  s p o r e s  of A s p e r g i l l u s  

n i g e r ,  A .  f l a v u s ,  B a c i l l u s  g l o b i g i i  and B .  mycoides su rv ived  up t o  32 

days i n  vacuums ranging  from 1 x 10-5 t o  5 x 10-7 torr. 

- - 

P o r t n e r  e t  a l .  (1961) exposed B .  s u b t i l i s ,  A .  n i g e r ,  A .  Ter reus  - - - 
and P e n i c i l l i u m  c i t r i n u m  t o  vacuum i n  t h e  u l t r a h i g h  range (3.6 x 10-10 

t o r r )  a t  ambient temperature  f o r  5 days and concluded t h a t  t h e s e  

organisms would s u r v i v e  t h e  vacuum of o u t e r  space .  Brueschke, Suess, 

and Wi l l a rd  (1961) s u b j e c t e d  spores of B .  s u b t i l i s ,  A .  n i g e r ,  A .  t e r r e u s  

and P.  c i t r i n u m  t o  vacuums of 1 x 10-6 t o  6 x 10-9 t o r r .  P .  c i t r i n u m  

w a s  n o t  recovered ,  bu t  t h e  o t h e r  tes t  organisms were recovered  a f t e r  

- - - 

- 
~ 

10 days a t  which t i m e  a vacuum of 8 x t o r r  w a s  ach ieved .  None of 

t h e  organisms were v i a b l e  a f t e r  30 days,  a t  1 . 2  x t o r r .  Subsequent 

p u b l i c a t i o n s  by More l l i ,  Fehlner ,  and Stembridge (1962a, b) demonstrated,  

i n  agreement w i t h  P r ince  and  Por tne r  e t  a l .  , t h a t  B .  s u b t i l i s  v a r .  n i g e r  

s p o r e s  s u r v i v e d  35 days a t  10-8 t o r r  a t  room tempera ture  wi th  l i t t l e  or 

- 

no  d e s t r u c t i o n  ~ 
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EXPOSURE OF MICROORGANISMS TO SIMULATED EXTRATERRESTRIAL SPACE ECOLOGY 

This  i n v e s t i g a t i o n  is concerned wi th  t h e  v i a b i l i t y  of s p o r e s  of 5 

tes t  organisms and those  p r e s e n t  i n  s o i l s  a f t e r  exposure t o  a wide 

range of temperatures ,  o r  to gamma r a d i a t i o n ,  whi le  under u l t r a h i g h  

vacuum. The vacuums employed were fron t o  t o r r ,  cor responding  

t o  a n  a l t i t u d e  of I t o m  approxi -mte ly  200 t o  400 m i l e s .  

The mic rob ia l  a s s a y  methods and procedures  employed i n  t h i s  s t u d y  

have been desc r ibed  elsewhere (Davis, Silverman, and K e l l e r ,  1963) and 

w i l l  n o t  be d i scussed  i n  d e t a i l .  Spores of B .  megaterium, B .  s u b t i l i s  

v a r .  n i g e r ,  B.  s tearo thermophi lus ,  C los t r id ium sporogenes and A .  n i g e r  

w e r e  t h e  t e s t  organisms. These organisms were, a f t e r  s u i t a b l e  hea t -  

a c t i v a t i o n  where n e c e s s a r y ,  impinged upon g l a s s  f i b e r  f i l t e r  paper ,  

dr ied a t  45°C f o r  2 1/2 hours  and maintained i n  a d e s i c c a t o r  ove r  s i l i c a  

g e l  u n t i l  t hey  w e r e  i n s e r t e d  i n  the vacuum appa ra tus .  The d u r a t i o n  of 

an experiment w a s  5 days,  t h i s  per iod i n c l u d i n g  the t i m e  r e q u i r e d  f o r  

f i n a l  temperature  and vacuum a t t a inmen t .  

- - 

- - 

One l o c a l  s o i l  and one obtained from t h e  Mohave deser twere  a l s o  

s u b j e c t e d  t o  temperature-vacuum experiments .  The more m o i s t  l o c a l  s o i l  

was p r e d r i e d  ove rn igh t  a t  37OC and s i e v e d  through a 48 mesh screen. I n  

o r d e r  t o  prevent  excess ive  p re s su res  i n  the  vacuum chamber when t h e  

s y s t e m  w a s  hea ted ,  t h e  amount of s o i l  f o r  any experiment w a s  l i m i t e d  t o  

5 1-g p o r t i o n s  which were d i s t r i b u t e d  i n  p e t r i  d i s h e s .  The c o n t r o l  and 

vacuum chamber exposed s o i l s  were assayed  f o r  h e t e r o t r o p h i c  mesophi l ic  

aerobes ,  anaerobes,  act inomycetes ,  molds, and i n  c e r t a i n  experiments  

thermophiles .  

Vacuum-Temperature Equipment 

For m o s t  of t h e  experiments  a t  e l e v a t e d  temperatures  t h e  a p p a r a t u s  

d e s c r i b e d  i n  F i g .  1 w a s  used. By c a r e % u l  placement of t h e  res is tance 

- 2  - 
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h e a t e r s  a temperature  g r a d i e n t  w i t h i n  t h e  chamber was obkained, each  

s h e l f  be ing  s u b j e c t e d  t o  a d i f f e r e n t  temperature  zone a s  i l l u s t r a t e d  i n  

F i g .  2 .  It is a l s o  seen  t h a t  vacuum is  a l t e r e d  by t h e  e x t e n t  of ou t -  

gas s ing  from t h e  metal s u r f a c e s .  The h ighe r  t h e  f i n a l  chamber tempera- 

t u r e  t h e  longe r  t h e  d e l a y  i n  achiev ing  t h e  u l t r a h i g h  vacuum range .  I n  

subsequent  experiments  employing temperatures  i n  excess  of 12OoC, smaller 

chambers  were used and t h e  sample was s u b j e c t e d  t o  a s i n g l e  t e m p e r a t u p .  

By c o o l i n g  t h e  chamber w a l l s ,  s o  a s  t o  minimize  outgass ing ,  vacuums i n  

excess  of 10-8 t o r r  were r o u t i n e l y  reached a t  tempera tures  i n  e x c e s s  of 

150°C. 

For low temperatures ,  of -110 t o  -190°CJ a 5 cub ic  f o o t  vacuum 

chamber w a s  modif ied so t h a t  t h e  g l a s s  f i b e r  f i l t e r s  c o n t a i n i n g  t h e  

s p o r e s  were i n  d i r e c t  c o n t a c t  w i th  a copper h e a t  t r a n s f e r  s y s t e m .  Due 

t o  t h e  low temperatures ,  ou tgass ing  w a s  minimized and  t h e  f i n a l  vacuum 

reached w a s  lowerJ i n  t h e  10-10 t o r r  r eg ion  (F ig .  3). 

R e s u l t s  w d  Discussion 

The f i v e  t es t  organisms showed marked d i f f e r e n c e s  i n  t h e i r  a b i l i t y  

t o  s w i v e  exposure t o  e l e v a t e d  temperatures  whi le  under u l t r a h i g h  vacuum 

(Table 1). Appreciable  percentages  of a l l  of t h e  t es t  organisms were 

recovered  a f t e r  exposure t o  temperatures  up t o  and i n c l u d i n g  6OoC. Above 

t h i s  tempera ture  only  B.  s u b t i l i s  v a r .  n i g e r  and A .  _. n i g e r  were no tab ly  - 
r e s i s t a n t  t o  t h i s  combination of stresses. A .  n i g e r  appeared t o  be t h e  

most r e s i s t a n t  of t h e  test  organisms; a n  extremely sma l l  p o r t i o n  of the  

exposed s p o r e s  were st i l l  v i a b l e  a f t e r  exposure t o  107'C but  n o t  t o  

12OoC. I n  comparison, no v i a b l e  spo res  of - B .  s u b t i l i s  v a r .  n i g e r  were 

recovered  a f t e r  being hea ted  t o  100°C i n  a n  u l t r a h i g h  vacuum f o r  4 t o  

5 days .  Exposure t o  -110 and -190°C and u l t r a h i g h  vacuum d i d  n o t  appear  

- 3  - 
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t o  be l e t h a l  t o  t h e  test  spores ,  which is n o t  s u r p r i s i n g  s i n c e  t h e s e  

c o n d i t i o n s  a r e  somewhat comparable t o  t h e  l y o p h i l i z a t i o n  technique  s o  

commonly employed f o r  p re se rv ing  microbial  c u l t u r e s .  

Spores exposed t o  90°C and atmospheric p r e s s u r e  p re sen ted  a 

d i f f e r e n t  s u r v i v a l  p a t t e r n  (Table 2 ) .  Of t h e  f i v e  test  organisms, on ly  

two, B .  s u b t i l i s  v a r .  n i g e r  and much smaller nmmbers of B .  megaterium, 

were recovered  a f t e r  24 hours .  B e  s u b t i l i s  v a r .  n i g e r  was r ecove rab le  

- - 

- 
a f t e r  i ncuba t ion  f o r  5 o r  more days a t  t h i s  tempera ture .  A .  n i g e r ,  - 
which w a s  t h e  most r e s i s t a n t  t e s t  organism i n  u l t r a h i g h  vacuum, d i d  n o t  

s u r v i v e  24 hours  exposure a t  90°C. 

With t h e  except ion  of B .  s u b t i l i s  v a r .  n i g e r ,  u l t r a h i g h  vacuum 

appeared t o  p r o t e c t  B .  s tearo thermophi lus ,  B .  megaterium, - C .  sQorogenes 

and e s p e c i a l l y  A .  n i g e r  t o  prolonged exposure t o  e l e v a t e d  tempera tures  

i n  t h e  v i c i n i t y  of 90°C. There appears t o  be a t h r e s h o l d  tempera ture  

- 

- - 

- 

where t h i s  p r o t e c t i v e  e f f e c t  occurs s i n c e  a comparison of recovery  of 

these t e s t  s p o r e s  a t  6 0 ° C  (Table 3)  a t  a tmospheric  p r e s s u r e  and i n  

u l t r a h i g h  vacuum i n d i c a t e s  t h a t  a t  t h i s  temperature  u l t r a h i g h  vacuum is 

n o t  p r o t e c t i v e .  Cons ider ing  t h e  l a r g e  d i f f e r e n c e s  i n  r e s i s t i v i t y  

between B .  s u b t i l i s  v a r .  n i g e r ,  A .  - n i g e r  and t h e  remaining t h r e e  tes t  

s p o r e s  i n  u l t r a h i g h  vacuum i t  is conceivable  t h a t  w e  are d e a l i n g  wi th  

- 

e i t h e r  an a b i l i t y  t o  prevent  the  vacuum d i s t i l l a t i o n  of e s s e n t i a l  c e l l  

c o n s t i t u e n t s  or a c a p a b i l i t y  f o r  main ta in ing  s u f f i c i e n t  c e l l  i n t e g r i t y  

t o  enab le  a c e l l  t o  resume growth upon r e h y d r a t i o n .  For some reason  

A .  n i g e r  l o s e s  t h i s  p rope r ty  when d r i e d  a t  90°C a t  a tmospheric  p r e s s u r e .  - 
Recovery d a t a  ob ta ined  by  colony coun t s  is o f t e n  n o t  i n d i c a t i v e  of 

what occur s  a t  t h e  i n d i v i d u a l  cell  l e v e l .  I n  o r d e r  t o  determine some 

a s p e c t s  of t h e  e x t e n t  of damage t o  t h e  spores  a f t e r  be ing  hea ted  i n  a n  
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u l t r a h i g h  vacuum, germinat ion of B.  - s u b t i l i s  v a r .  n i g e r  w a s  i n v e s t i g a t e d  

by phase c o n t r a s t  microscopy. The r e s u l t s  of a microscopic  a s s a y  of 

B .  _. s u b t i l i s  v a r ,  n i g e r  f o r  t h e  percentage germinated, ungerminated and 

t h o s e  s p o r e s  capable  of undergoing outgrowth are p resen ted  i n  F i g s .  4 

t o  8 and i n  Table 4 .  I t  is seen t h a t  a f t e r  exposure t o  tempera tures  up 

t o  69OC f o r  5 days almost  a l l  of t h e  s p o r e s  e i t h e r  germinated or produced 

v e g e t a t i v e  ce l l s  a f t e r  2 hours  incubat ion  a t  37OC on a t ryptone-g lucose  

e x t r a c t  a g a r  medium. Above 8 3 O C  outgrowth, even a f t e r  24 hours  incuba- 

t i o n  ceased, and t h e  percentage germination decreased  w i t h  i n c r e a s i n g  

tempera tures  u n t i l  a f t e r  exposure t o  12OoC, 8'7% of t h e  s p o r e s  remained 

r e f r a c t i l e  (F ig .  8 ) .  

S o i l s  

Two t ypes  of s o i l s ,  a garden s o i l  ob ta ined  from t h e  Cambridge 

v i c i n i t y  and ano the r  from t h e  Mohave d e s e r t  were examined a t  va r ious  

tempera tures  a t  u l t r a h i g h  vacuum. I n  Table 5 t h e  garden s o i l  showed 

q u a n t i t a t i v e  recovery  of mesophilic aerobes ,  mesophi l ic  anaerobes,  and 

act inomycetes ,  bu t  no molds a t  temperatures  up t o  100°C. A t  h ighe r  

tempera tures  a q u a l i t a t i v e  recovery procedure was employed, and 

mesophi l ic  aerobes ,  molds and a l a r g e  number of act inomycetes  were 

recove red .  

The h ighe r  recovery  of anaerobes a t  100°C over  t h a t  a t  lower 

tempera tures  is t h e  r e s u l t  of hea t  shocking t h e  s o i l  p r i o r  t o  p l a t i n g  - 
a t r e a t m e n t  which has  n o t  in f luenced  t h e  recovery of - C .  sporogenes 

a f t e r  vacuum-heat t r ea tmen t .  

One a s p e c t  of i n t e re s t  i n  t h i s  s tudy  i s  a comparison of t h e  thermal  

r e s i s t i v i t y  of microorganisms exposed t o  e l e v a t e d  tempera tures  i n  u l t r a -  

h igh  vacuum t o  those  exposed a t  a tmospheric  p r e s s u r e .  Of t h e  test  

- 5 -  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

EXPOSURE OF MICROORGANISMS TO SIMULATED EXTRATERRESTRIAL SPACE ECOLOGY 

s p o r e s L  was ex t remely  r e s i s t a n t  a t  tempera tures  of 90°C and 

h i g h e r  i n  an u l t r a h i g h  vacuum, but  showed extreme s u s c e p t i b i l i t y  t o  

90°C a t  a tmospheric  p r e s s u r e  (Table 2 ) .  T h i s  i n d i c a t e d  t h a t  a s c r e e n -  

i n g  procedure f o r  h e a t  r e s i s t a n t  organisms, employing an oven a t  

a tmospheric  p re s su re ,  might n o t  be capable  of p r e d i c t i n g  whether c e r t a i n  

organisms, 

capable  of 

p r e s s u r e .  

imen t . 
F i f t y  

which, due t o  a unique phys io log ica l  response,  might be 

s u r v i v i n g  d ry ing  a t  u l t r a h i g h  vacuums bu t  n o t  a t  a tmpspheric  

That t h i s  is indeed t h e  case i s  shown by t h e  fo l lowing  exper-  

i s o l a t e s  from d e s e r t  s o i l  exposed t o  120°C and vacuum f o r  

4.5 days were r e t u r n e d  t o  t h e  vacuum chamber on g l a s s  f i l t e r s .  Seven 

c u l t b r e s  were recovered  which included s i x  c o l o r l e s s ,  punct i form 

sporeformers  and one amber, butyrous organism, a s  y e t  uncha rac t e r i zed .  

O n l y  one of t hese ,  a c o l o r l e s s  punctiform b a c i l l u s  colony type,  su rv ived  

120°C f o r  3 hours  a t  a tmospheric  p re s su re .  

P r o t e c t i o n  by s o i l  is ind ica t ed  by t h e  r e s u l t s  shown i n  Table 6 f o r  

Mohave d e s e r t  s o i l .  Fo r ty - th ree  t y p i c a l  i so la tes  which su rv ived  17OoC 

f o r  4-5 days a t  6 x t o r r  were a l s o  screened  a t  120°C f o r  3 hours  

a t  a tmospheric  p r e s s u r e .  Only f i v e  b a c t e r i a  su rv ived  t h i s  t r e a t m e n t .  

Fu tu re  experiments  w i l l  determine t h e i r  r e s i s t i v i t y  i n  u l t r a h i g h  vacuum 

a t  e l e v a t e d  tempera tures .  

Bruch, Koesterer and Bruch (1952) had p rev ious ly  noted  t h a t  meso- 

p h i l i c  sporeformers  i n  s o i l  d i sp layed  a h ighe r  r e s i s t a n c e  t o  d r y  h e a t  

as compared t o  t h e  i s o l a t e s  placed on f i l t e r  paper s t r i p s .  

I r r a d i a t i o n  of U l t r a d r i e d  Organisms 

Many organisms are  more s e n s i t i v e  t o  i o n i z i o g  r a d i a t i o n  when they  

are i r r a d i a t e d  i n  a i r  than when they r ece ived  t h e  same r a d i a t i o n  dose 

- 6 -  
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under anoxic  c o n d i t i o n s .  

suspens ions  f o r  a v a r i e t y  of organisms, and has  been r e p o r t e d  f o r  X- 

i r r a d i a t i o n  d r y  s p o r e s  of B .  megaterium (Powers, 1961) .  

T h i s  oxygen e f f e c t  is known t o  occur  i n  aqueous 

- 

I n  ou r  i n v e s t i g a t i o n ,  t h e  gamma r a d i a t i o n  r e s i s t a n c e  of ex t remely  

d r y  s p o r e s  which had been i n  u l t r a h i g h  vacuum was compared w i t h  t h e  

resistance of s imi la r  spo res  which had been s t o r e d  ove r  s i l i c a  g e l .  

was a l s o  p o s s i b l e  t o  determine whether vacuum pe r  se was l e t h a l .  Spores 

i n  u l t r a h i g h  vacuum were a t  p re s su res  i n  t h e  10-9 mm Hg range .  A t  t h e s e  

It 

-_. 

low p r e s s u r e s ,  t h e  s p o r e s  are extremely d r y .  V o l a t i l e  e x t e r n a l  spo re  

c o n s t i t u e n t s  a s  w e l l  a s  i n t e r n a l  components which could  pass  t h e  s p o r e  

c o a t  barr ier  were c e r t a i n l y  be ing  removed from t h e  s p o r e s  du r ing  t h e  

s e v e r a l  days t h e  s p o r e s  w e r e  i n  vacuum. 

Washed s p o r e s  of B .  s tearo thermophi lus ,  B. megaterium, and C .  

sporogenes were d r i e d  on g l a s s  f i b e r  f i l t e r  c i rc les  a t  45OC, and s t o r e d  

ove rn igh t  over  s i l i c a  g e l .  About one m i l l i o n  s p o r e s  were p i p e t t e d  on to  

each f i l t e r .  The f i l t e r s  were mounted on a s t a i n l e s s  steel  w i r e  suppor t  

which w a s  i n s e r t e d  i n t o  a g l a s s  t u b e  f i t t e d  wi th  an u l t r a h i g h  vacuum 

va lve  assembly and an u l t r a h i g h  vacuum gauge. It  was p o s s i b l e  t o  t r a n s -  

- - - 

p o r t  each  assembly t o  t h e  Cobalt-60 i r r a d i a t o r  s o  t h a t  t h e  tube  c o n t e n t s  

were main ta ined  under u l t r a h i g h  vacuum. A hot - f i lament  u l t r a h i g h  vacuum 

gauge a t t a c h e d  t o  each  tube  made it p o s s i b l e  t o  determine p r e s s u r e s  

be fo re  and a f te r  t h e  tubes  were i r r a d i a t e d .  

An u l t r a h i g h  vacuum a s s e m b l y  is shown i n  F i g .  9 .  Each assembly is 

about  2 1  inches  i n  l e n g t h  and is  a t t a c h e d  t o  a vacuum chamber having a 

pumping arrangement i d e n t i c a l  t o  t h a t  shown i n  F i g .  1. 

Spores  were maintained i n  u l t r a h i g h  vacuum under cont inuous pumping 

f o r  4 . 5  - 5 . 5  days .  The va lves  were then closed, and t h e  7 tubes  were 

- 7 -  
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detached  from t h e  chamber f o r  i r r a d i a t i o n  

vacuum c o n t r o l s .  

EXTRATERRESTRIAL SPACE ECOLOGY 

experiments  and f o r  p l a t i n g  a s  

The tube-vacuum valve  s y s t e m  is shown i n  d e t a i l  i n  F i g .  10 w i t h  t w o  

t ubes  p o s i t i o n e d  i n  a r a c k  ready f o r  i r r a d i a t i o n .  Normally one tube  w a s  

i r r a d i a t e d  under vacuum and t h e  o the r  tube  opened t o  admit dry a i r  and 

then c l o s e d  be fo re  i r r a d i a t i o n .  

Manifold System 

P r e s s u r e s  i n  t h e  i n d i v i d u a l  tubes when loaded w i t h  s i x  f i l t e r s  r o s e  

from 10-9 t o r r  range be fo re  va lve  c l o s u r e  t o  about  t h e  middle 10-8 t o r r  

a f t e r  va lve  c l o s u r e .  The e n t i r e  sample a s sembly  c o n s i s t i n g  of t h e  u l t r a -  

high vacuum valve ,  t h e  gauge and  t h e  sample tube  were t r a n s p o r t e d  t o  a 

submerged pool  type  C060 f a c i l i t y  f o r  gamma i r r a d i a t i o n  a t  a n  i n t e n s i t y  

of 5000 r a d  pe r  minute.  

In  each experiment s p o r e s  were i r r a d i a t e d  whi le  i n  vacuum, i n  d r y  

a i r  a f t e r  vacuum t rea tment ,  and a f t e r  storage over  s i l i c a  g e l  a t  atmos- 

p h e r i c  p r e s s u r e .  F i l t e r s  were then blended, and a p p r o p r i a t e  d i l u a t i o n s  

were p l a t e d  on s u i t a b l e  media. Membrane f i l t e r s  were p e d  where necessa ry .  

A p o r t i o n  of B. s tearo thermophi lus  blend w a s  hea ted  i n  a b o i l i n g  water 

b a t h  f o r  30 minutes  before  t h e s e  spo res  were p l a t e d .  With t h e  excep t ion  

- 

of B. stearothermoDhiluq, which was incubated  a t  55OC,  a l l  organisms 

were incubated  a t  3OoC f o r  1 o r  2 days a s  necessary  f o r  maximal coun t s .  

The r e s u l t s  are presented  i n  F i g .  11 and Table  7.  The r a d i o s u r v i v a l  

cu rves  shown i n  F i g .  11 i n d i c a t e  t h a t  El .  megaterium is t h e  m o s t  r e s i s t a n t  

and - C .  sporogenes t h e  l eas t  r e s i s t an t  of  t h e  three organisms i r r a d i a t e d  

i n  t h e  d r y  s t a t e .  One ques t ion  of i n t e r e s t  is whether t h e s e  d r i e d  s p o r e s  

- 

are  more or less r a d i o r e s i s t a n t  t h a t  t h o s e  normally hydra ted .  The 

r a d i o r e s i s t i v i t y  of t h e  s t o c k  suspension of spo res  of B .  - s t ea ro the rmoph i lus  

- 8 -  
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i r r a d i a t e d  i n  phosphate b u f f e r  s a t u r a t e d  wi th  n i t r o g e n  w a s  g r e a t e r  than 

f o r  t hose  s p o r e s  i r r a d i a t e d .  i n  t h e  d ry  s t a t e .  A b e t t e r  comparison would 

be between d r i e d  s p o r e s  and hydrated s p o r e s  p laced  on g l a s s  f i l t e r  d i s c s  

and t h i s  d a t a  is  now being  c o l l e c t e d .  Never the less  i t  is  of p e r t i n e n c e  

t h a t  - B. s t ea ro the rmoph i lus  s p o r e s  were apprec iab ly  less r a d i o r e s i s t a n t  

a f t e r  u l t r a d r y i n g .  El imina t ion  of a p o r t i o n  of t h e  i n d i r e c t  e f f e c t s  b y  

removal of water w a s  n o t  of a s u f f i c i e n t  magnitude t o  overcome what 

appea r s  t o  be an i n h e r e n t l y  decreased r a d i o r e s i s t i v i t y .  Other i n v e s t i -  

g a t i o n s  i n d i c a t e  t h a t  b a c t e r i a l  spores  may be less r a d i o r e s i s t a n t  i n  t h e  

d ry  s t a t e  (Pepper, Buffa and Chandler, 1956), and Alper (1961) i n  h e r  

review i n d i c a t e d  t h a t  mois ture  con ten t  may be a p h y s i o l o g i c a l  f a c t o r  i n  

r a d i o r e s i s t i v i t y  r a t h e r  than a dose modifying f a c t o r  such a s  a i r .  

The presence of a i r  does,  i n  f a c t ,  modify t h e  d r i e d  s p o r e s  r a d i o -  

r e s i s t i v i t y  (Table 7 ) .  Column A is t h e  pe rcen t  s u r v i v a l  of t h e  organ- 

i s m s  a t  v a r i o u s  doses  under vacuum and was i l l u s t r a t e d  i n  F i g .  11. 

The v a l u e s  i n  Columns B and C demonstrate t h a t  subsequent  exposure t o  

a i r  of t h e  spo res  d r i e d  i n  u l t r a h i g h  vacuum inc reased  t h e i r  s e n s i t i v i t y  

t o  gamma r a d i a t i o n .  Moderate dry ing  over  a d e s i c c a n t  and subsequent  

i r r a d i a t i o n  i n  a i r  (Column D) r e s u l t e d  i n  a r a d i o r e s i s t i v i t y  g r e a t e r  

than t h a t  no ted  for t h e  u l t r a d r y  spores (Column B) a l so  exposed t o  

a i r  and of  e q u i v a l e n t  s u r v i v a l  t o  t h a t  noted f o r  u l t r a d r i e d  s p o r e s  

i r r a d i a t e d  i n  vacuum (Column A ) .  

T a l l e n t i r e  (1958) noted  t h a t  s p o r e s  of - B .  s u b t i l i s  d r i e d  on k a o l i n  

under low vacuum (10-3 t o r r )  f o r  6 hours  exper ienced  a n  oxygen e f f e c t  

when i r r a d i a t e d  wi th  gamma r a y s .  H e  s t a t e d  t h a t  oxygen c o n t r i b u t e s  t o  

d i r e c t  r a t h e r  than t o  i n d i r e c t  r a d i a t i o n  e f f e c t s  on t h e  s p o r e .  The 

d a t a  i n  Table 7, ob ta ined  a t  a much h ighe r  vacuum f o r  cons ide rab ly  d r i e r  

- 9 -  
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spores ,  appea r s  t o  s u b s t a n i a t e  t h e  obse rva t ion  of T a l l e n t i r e  and a l s o  

t h a t  of Powers (1961) for t h e  oxygen dependent damage t o  s p o r e s  of 

B.  megaterium. - 

Undoubtedly t h e  i n t e r r e l a t i o n s h i p s  between moisture con ten t ,  its 

e f f e c t  on t h e  p h y s i o l o g i c a l  o rgan iza t ion  of t h e  s p o r e  and t h e  composition 

of t h e  gaseous phase are complex and r e q u i r e  f u r t h e r  c l a r i f i c a t i o n .  

These experiments  are cont inuing,  and i t  is in t ended  t o  compare t h e  

r a d i o r e s i s t i v i t i e s  of microog-ganisms i n  v a r i o u s  hydra ted  s ta tes  a t  

d i f f e r e n t  oxygen l e v e l s  i n  a d d i t i o n  t o  combining h e a t  w i th  i r r a d i a t i o n  

on u l t r a d r i e d  s p o r e s .  

- 10 - 
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FIGURF: 1 

ULTRAHIGH VACUUM SYSTEM FOR AMBIENT AND 

ELEVATED TEMPERATLTRE EXPERDENTS 
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FIGURES 4 - 8 

B .  S W I L I S  VAR. NIGER SPORES EXPOSED TO ULTRAHIGH VACUUM AT - 
VARIOUS TEMPERATURES AND SUBSEQUENTLY INCUBATED AT 3 7 ° C  ON 

TRYFTONE GLUCOSE EXTRACT AGAR 

Figure4 - 
Figure 5 - 
Figure 6 - 
Figure7 - 
Figure 8 - 

Control  nutexposed to vacuum; 2 hour incubation 

40°C; 2 hour incubation 

69"~; 2 hour incubation 

8 3 " ~ ;  24 hour incubation 

120°C; 24 hour incubation 
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FIGURE 9 

A COMPLETED ULTRAHIGH VACUUM ASSEMBLY CONNECTD TO THE MAIN VACUUM CHAMBER USED 

FOR GAMMA RADIATION OF TEST SPORES 
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FIGURE 10 

TRE COMPONENT PARTS OF AN ULTRAHIGH VACUUM ASSEMBLY AND TRE FRAME USED 

FOR EXPOSING THE ASSEMBLY TO GAMMA RADIATION 
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